different center distance A, transmission ratio i, and cylindrical roller R, which are all based on different rotational deflection angles.
Fig. 1 CREEIEWG

Building relationships among all coordinate systems by coordinate transformation
As shown in Fig. 2 , the coordinate systems between the worm and worm wheel and between the worm and meshing roller can be setup based on the gearing meshing theory and differential geometry. The fixed coordinate system S 1 (i 1 , j 1 , k 1 ) is attached to the worm, whereas the moving coordinate system S 1′ (i 1' , j 1' , k 1' ) is linked to the worm and rotates on axis k 1′ at the center of the worm at an angular speed of ω 1 . Angle φ 1 represents the rotational angle of the worm. Similarly, the fixed coordinate system S 2 (i 2 , j 2 , k 2 ) is attached to the worm wheel, and the moving coordinate system S 2' (i 2' , j 2' , k 2' ) is attached to the worm wheel and rotates on axis k 2' at the center of the worm wheel at an angular speed of ω 2. Angle φ 2 represents the rotational angle of the worm wheel (Deng et al., 2012; Deng et al., 2013; Deng et al., 2015) . 
Worm
Worm wheel S1(i1 , j1, k1)-Fixed coordinate system on the worm; S 1'(i 1', j 1', k 1') -Movable coordinate system attached to the worm and rotates around axis k1' at the center of the worm at angular speed ω1 S2 (i2, j2, k2)-Fixed coordinate system on the worm wheel; S 2'(i 2', j 2', k 2')-Movable coordinate system attached to the worm wheel and rotates around axis k 2' at the center of the worm wheel with angular speed ω2; S3 (i3, j3, k3)-Fixed coordinate system on the worm wheel that does include  degrees ( = 0°).
Also, the movable coordinate system S p (e 1 , e 2 ,n) is attached to the contact point of O p on the worm wheel roller surface as shown in Fig.3 . Axis k 0 is perpendicular to axis k 2 , assuming that the coordinate of point O 0 is represented in the coordinate system as (a 2 ,b 2 ,c 2 ). R is the radius of the worm wheel roller, u and θ are the meshing parameters on the generation surface of roller.  represents the inclination angle for axis k 2 to k 3 . 
3. Meshing characteristic equation
Relative velocity of meshing tooth surface.
To calculate the position of the contact curve of the meshing worm gear, the instantaneous mesh characteristics according to the given equation can be simulated and calculated using a computer. From Eqs. (2) and (3), the contact curve on the generating surface between the roller and CREEIEWG can be expressed as
Using the theory of gear meshing, the envelope surface can be generated by a large number of contact solutions, as demonstrated in the following equations, by integrating Eqs. (2), (3) and (4). 
Induced normal curvature.
The induced normal curvature is one of the important indexes in evaluating the meshing performance. The induced normal curvature influences the contact strength, load-bearing capacity, and transmission efficiency of two conjugate tooth surfaces. The smaller the induced normal curvature value is, the better is the meshing performance. The induced normal curvature of the meshing between the CREEIEWG and the worm wheel is mathematically described by the following equations:
In which
Where, The angle between the contact line and relative velocity is defined as the lubrication normal curvature. The lubrication normal curvature is one of the important indexes in evaluating the lubrication effect. The lubrication angle can be mathematically described by the following equation:
where σ is a vector along the normal direction of the contact curve, which is expressed as
Meshing performance analysis and discussions
Through the induced normal curvature, we can analyze the meshing performance of the CREEIEWG. The induced normal curvature is determined by Eq. (6). Based on our study, the key meshing parameters for roller enveloping hourglass worm gear includes center distance A, transmission ratio i 12 , roller radius R. However, the worm-wheel rotational deflection angle  for the CREEIEWG driving device is obscure. Therefore, it is very important to figure out the influence of worm-wheel rotational deflection angle  on the performance of CREEIEWG. In fact, we should determine the rotational angle for worm wheel φ 2 before analysis the other key parameters, since the meshing zones for worm depends on the range of φ 2 , as shown in Fig. 4 . Fig.4 The meshing zones for worm gear Fig.5 shows the severely changing for the lubrication for the parameter  . However, the investigation indicates that the lubrication is unstable when the worm-wheel rotational deflection angle  is bigger than 40°, in doing so, the parameters for the worm-wheel rotational deflection angle  is from 0° to 45° in this study. According to the meshing theory, the smaller the absolute value of induced normal curvature is, the better is the meshing characteristic of the worm gear. Fig.8(a) shows that  in the equation takes values between 0° and 45°, the whole variation trend is identical, and the induced normal curvature maximum value is lower than that of the other angles. Thus, considering suitable  in the range from 0° to 43° can improve the meshing performance. A  value larger than 43° will have difficulty satisfying the meshing condition. The meshing performance can be improved using A and R. With the increase in i, the meshing performance is reduced. Making  close to 16° can improve the meshing performance.
The lubrication angle is determined by Eq. (9) using the meshing parameters. The change in the lubrication angle with respect to the different center distance A, radius of worm wheel roller R and different transmission ratio i values are shown in Figs. 9-11. With the increase in wheel rotational angle φ 2 , the lubrication angle exhibits fluctuations.
Meanwhile, each lubrication angle curve maximum value is equal 90°, but the smaller  is, the smaller becomes the fluctuation and approaches 90°. According to the meshing theory, when the lubrication angle is close to 90°, the better is the lubrication of the worm gear. Thus, choosing smaller  will result in better lubrication. 
Working surface of cylindrical roller.
The contact curve is determined by Eq. (4) when we project the contact curve onto the XZ and YZ planes. The XY plane has more projection lines by continually changing the rotation angle of the worm gear. Finally, a working surface is obtained by analyzing these projection lines. To demonstrate the worm gear meshing progress, we simply choose a portion of the projection lines, including its meshing boundary. Dedendum Also, we can obtain the working surface of four different cylindrical rollers with wheel rotational angles, as shown in Fig. 11 . The working surface of the cylindrical roller increases with the increase in , which means that choosing relatively large  results in the worm gear tooth carrying the stress more evenly and thus prolonging the service life.
Bearing capacity comparison.
The contact stress analysis for different  values can be used to determine the region bounded by the highest stress and to compare the highest stress under different  values. The data will help modify the model and improve the mechanical property and meshing performance. Fig13 and 14 shows that the maximum stress and strain always occur at the tooth face of the worm gear. The stress and strain are different under different  values near the keyway. A worm wheel with  = 13° has better load-bearing capacity, which proves the validity of the theoretical analysis in which the working surface of a cylindrical roller increases with the increase in the . This result means that choosing relatively large  results in the even distribution of stress on the worm-gear tooth, prolonging the service life. Fig. 15 When M = 38.6 N•m ( = 0°), The equivalent (von-Mises) stress of the worm appear the worm tooth will be broken Based on the above analysis, we find that the key parameter for the inclination angle  plays a very important role in the meshing performance of CREEIEWG, also, it is should be investigated that how to choose a best inclination angle  in the future. However, it is much difficult to choose the best inclination angle  as choosing smaller  will result in better lubrication and shorten the service life.
Conclusions
In this work, we have investigated using analytical methods (differential geometry) the mathematical meshing model with respect to different worm wheel deflection angles and their effects on the meshing characteristics of the CREEWR gear. Different worm wheel defection angles were tested to determine the best angle that induced normal curvature and lubrication angle. We compared the data from different worm wheel deflection angles to improve the meshing performance. The main findings of this comparative investigation are as follows:
(1) The induced normal curvature and lubrication angle data proved that the CREEIEWG has good meshing performance and can potentially be applied to replace some complex mechanical structures in practice.
(2) Considering a suitable worm wheel rotational deflection  in the range from 0° to 33° can improve the induced normal curvature. When  is larger than 44°, satisfying the meshing condition becomes difficult. The meshing performance can be improved using center distance A and cylindrical roller radius R.
(3) The working surface of a cylindrical roller increases with the increase in , which means that choosing relatively large  would make the tooth of the worm gear bear a more even stress, thus prolonging the service life. However, choosing relatively large  influences the meshing performance. Thus, finding a rational value will be the subject of our next work.
(4) A prototype has been built to test and further investigate the practical feasibility of the proposed mechanical device.
